Abstract Clinical and neuroimaging studies provide converging evidence that the cerebellum plays an important role for sensorimotor adaptation by participating in the adaptive process per se, and/or by evaluating motor performance errors as a prerequisite for adaptation. Recent experimental evidence suggests that error signals pertinent to adaptation are related to sensory prediction rather than to online corrections (Tseng et al. in J Neurophysiol 98(1):54-62, 2007). To further elucidate the role of the cerebellum, the present study uses a multiple regression approach to separate out three independent determinants of adaptive success. Seventeen patients with cerebellar atrophy but without extra-cerebellar lesions, and 17 healthy, sex-and age-matched controls participated. Both subject groups performed center-out pointing movements before, during, and after exposure to 60°rotated visual feedback. From the registered data, we quantified four indicators of adaptive success (adaptive improvement, retention without feedback, intermanual transfer, and de-adaptation under normal feedback), as well as five measures of motor performance (reaction time, peak velocity, movement time, response variability, and ability for online error corrections). The variance of each adaptation indicator was then partitioned into three components, one related to subject group but not to motor performance, a second related to group and motor performance, and a third related to motor performance but not to group. In accordance with previous work, adaptation and motor performance were degraded in patients. The deficit was similar in magnitude for all four adaptation indicators, which suggests that adaptive recalibration rather than strategic control were affected in our patients. No adaptation indicator shared statistically significant variance with group alone; we therefore found no evidence for cerebellar circuitry dedicated to adaptation but not motor performance. Three indicators shared significant variance jointly with group and motor performance; this suggests that the cerebellar contribution to motor performance is related to adaptive success. All four indicators shared significant variance with motor performance alone; this indicates that extracerebellar contributions to motor performance are also related to adaptive success. In conclusion, our data support the view that neural structures inside and outside the cerebellum are processing motor performance-related signals as a prerequisite for adaptation, but provide no evidence for a cerebellar structure related exclusively to adaptation.
Introduction
Since the pioneering theoretical work of Albus (1971) and Marr (1969) , the cerebellum has been considered a crucial brain structure for motor learning. Indeed, experimental evidence supports its contribution to the conditioning (Gerwig et al. 2003; Timmann et al. 2000; Woodruff-Pak 1997) , habituation (Maschke et al. 2000) , and scaling (Bloedel and Bracha 1997) of various reflexes. The cerebellum has also been implicated in a more complex form of motor learning, namely, sensorimotor adaptation to visual and mechanical distortions. This view is supported by clinical studies, which found that adaptation is often reduced or abolished in patients with cerebellar disease (Deuschl et al. 1996; Diedrichsen et al. 2005; Gauthier et al. 1979; Martin et al. 1996; Maschke et al. 2004; Tseng et al. 2007; Weiner et al. 1983) . Further support comes from functional neuroimaging studies, which observed an increase of cerebellar activity during an adaptation task (e.g., Flament et al. 1996; Graydon et al. 2005; Imamizu et al. 2000; Krakauer et al. 2004; Krebs et al. 1998; Lang et al. 1988) .
A long-standing debate in literature focuses on the specific role played by the cerebellum during adaptation. According to one position, this brain structure is involved in the adaptive process per se, by storing an internal model of body and surrounds, which can be adaptively modified to compensate for imposed external distortions. According to the alternative position, the cerebellum monitors and controls the execution of movements, and thus provides performance-related signals as a crucial prerequisite for adaptation. In support for the first view, cerebellar patients show adaptation deficits even when executing ballistic responses, which are too fast for online error monitoring (Deuschl et al. 1996; Martin et al. 1996; Maschke et al. 2004; Tseng et al. 2007) . In support for the second view, cerebellar activation in healthy subjects is more closely associated with performance errors than with adaptive progress (Flament et al. 1996) . Another study favors a compromise between both above positions: adaptation was associated with widely distributed cerebellar activation which gradually decreased with practice, but also with focussed activation near the posterior superior fissure which did not decrease with practice and which persisted even after equating for performance errors (Imamizu et al. 2000) . The authors concluded that the distributed activation might reflect performance-related processes, while the focussed activation might reflect the internal model.
A recent study (Tseng et al. 2007 ) compared adaptation under two conditions: when subjects executed ballistic movements which did not allow online error corrections, and when they performed slower movements which did allow such corrections. They found no difference between conditions in healthy subjects, which indicates that adaptation is not driven by online response corrections, but rather by the mismatch between intended and perceived response, called ''sensory prediction error''. They also found no difference between conditions in cerebellar patients, which suggests that patients' adaptation deficits cannot be explained by impaired online corrections. This outcome doesn't distinguish between the above two positions, but it stipulates that performance-related signals provided by the cerebellum for adaptation would include sensory predictions rather than online corrections.
To further elucidate the role of the cerebellum, the present study uses a multiple regression approach to separate out three components of adaptive success: one related to cerebellar integrity but not to motor performance, the second related jointly to cerebellar integrity and motor control performance, and the third to motor performance but not cerebellar integrity. A significant contribution of the first component would support the existence of cerebellar circuitry dedicated to adaptive processing but not to motor performance. A significant contribution of the second component would reflect cerebellar mechanisms involved in the monitoring and control of movementsincluding sensory prediction, while a significant contribution of the third component would support the role of mechanisms for motor control which are spared in cerebellar degeneration.
Material and methods

Subjects
Seventeen patients and 17 control subjects participated after providing written informed consent. Both groups were matched in age (patients 55.29 ± 10.34 years, control 54.59 ± 8.57 years) and gender (8 females and 9 males each). All participants were right-handed, and took no medicine affecting the central nervous system. All control subjects were in good health, and had no history of neurological disease. Patients presented with forms of cerebellar cortical degeneration, that is, sporadic adult onset ataxia (SAOA), spinocerebellar ataxia type 6 (SCA6) and genetically undetermined autosomal dominant cerebellar ataxia type III (ADCA III). Magnetic resonance imaging (MRI) revealed cerebellar atrophy with no extracerebellar lesions in all patients. Clinical examination showed a pure cerebellar syndrome in the majority of cases, with mild accompanying pallhypesthesia and/or hyperreflexia of the lower limbs in seven patients. Each patient's diagnosis, severity of ataxia, and extent of cerebellar atrophy are provided in Table 1 . On the average, cerebellar volume was 7.1 ± 1.5% of total intracranial volume in female, and 7.1 ± 0.7% in male patients; the corresponding values for healthy individuals are 8.2 ± 0.7% in females and 8.0 ± 0.7% in males (Dimitrova et al. 2006) . The cerebellar volume of individual patients correlated inversely with their severity of ataxia (r = -0.67, p \ 0.05). The experimental protocol was preapproved by the authors' local Ethics Committee.
Procedure
Seated subjects were instructed to point quickly and accurately at visual targets. As shown schematically in Fig. 1a , they watched a computer screen (S) through a mirror (M), such that the virtual image of the screen coincided with the horizontal surface of a digitizing tablet (T). A starting dot appeared for 0.5-3.0 s in the center of the virtual display, and was then replaced by one of eight possible target dots, located 45°apart along an imaginary circle of 10 cm radius about the center; 2 s later the target was replaced by the starting dot, irrespective of how accurately the subjects had pointed. The starting dot remained on for 0.5-3.0 s then the next target appeared, etc. Subjects held a digitizing pen in their hand, and pointed at each target and back by moving the pen across the digitizing tablet. They were unable to see their arm, due to the mirror and surrounding shrouds; however, pen position was registered with a resolution of 0.3 mm and 60 Hz, and was displayed on the screen as a cursor to provide visual feedback about instantaneous hand position. Thus, the subjects' task was essentially to move the cursor towards each target and back.
The experiment was subdivided into episodes of 30 s duration, or about 6-12 target presentations, separated by rest breaks of about 4 s. Depending on the particular episode, subjects used either their right or their left hand for pointing, and visual feedback about hand position was either veridical or rotated 60°clockwise about the starting dot. The experiment began with one familiarization episode, in which subjects pointed with their right hand under veridical visual feedback. Next came the baseline phase, with one episode using the left, and then three episodes using the right hand, again under veridical feedback. The subsequent adaptation phase consisted of 20 episodes with the right hand, in which visual feedback was rotated by -60°to induce adaptation. Subjects returned 1 day or 1 week later 1 for the retention phase of five episodes, using White and gray dots represent starting point and target, the black line shows a sample movement path, a is the initial pointing error (150 ms after movement onset), b the final error, and (a -b) is the correction angle. CA was calculated as the coefficient of determination between the correction angle and a. c-e Sample cursor paths towards three of the eight possible targets in a patient with diffuse cerebellar atrophy, registered during the baseline phase (c), the beginning of the adaptation phase (d), and the end of the adaptation phase (e). f-h Corresponding sample movement paths from a healthy control subject again the right hand under rotated feedback. Next came the intermanual transfer phase of two episodes, using the left hand under rotated feedback, followed by a single refresh episode, using the right hand under rotated feedback. Finally came the de-adaptation phase of five episodes, using the right hand under veridical feedback. The total testing time including instructions was about 20 min on the first, and about 10 min on the second day.
Data analysis
To quantify the time-course of adaptive improvement, we determined the initial error of each response as the angular difference between cursor and target direction 150 ms after response onset, i.e., before feedback-based corrections could become effective. Response onset was defined as the first sample after movement speed exceeded 32 mm/s; response end was determined accordingly. The mean initial errors of each subject and episode were submitted to an analysis of variance (ANOVAs) with the between-factor group (patient, control) and the within-factor episode; Huynh-Feldt-adjustments to the degrees of freedom were applied when necessary to compensate for heterogeneity of variances.
For further data reduction, we calculated each subject's adaptive success as adaptive improvement (AI), adaptive retention (AR), adaptive transfer (AT), and de-adaptation
where B and A are the mean initial error of the last three baseline and the last three adaptation episodes, respectively, and R, T, and D are the initial errors of the first retention, transfer, and deadaptation episode, respectively. We further determined several measures of each subject's motor performance. To quantify the speed of responding, we calculated the means of reaction time (RT), peak velocity (PV), and movement time (MT) during the adaptation phase. To quantify the consistency of the initial, ballistic portion of responses, we calculated response variability (RV) as the standard deviation of initial errors about their respective mean. This measure was calculated only from the last three baseline episodes, to ensure that it is not contaminated by variability related to adaptive change.
To quantify the ability for online error corrections, we calculated the final error as the angular difference between cursor and target direction at the end of each movement, and defined the difference between initial and final errors as correction angle (a -b in Fig. 1b) . Subjects with good correction ability should produce large correction angles when initial errors are high, and small correction angles when initial errors are low; in contrast, subjects with poor correction ability should produce correction angles, which are not closely related to initial errors. We therefore quantified each subject's correction ability (CA) as the coefficient of determination between correction angles and initial errors. To obtain robust values, we calculated CA from data of the adaptation phase, where initial errors were large; however, we excluded the very first adaptation episode, since some movements in that episode looked quite erratic. We considered it justifiable to determine CA, even though online corrections do not appear to affect adaptive success (Tseng et al. 2007) , since CA could arguably reflect the processing of prediction errors as well (see ''Introduction'' and ''Discussion'').
The relationship between adaptive success, subject group, and motor performance was scrutinized with a multiple linear regression approach. To this end the total variance of each adaptation indicator (AI, AR, AT, DA) was partitioned into several components as shown in Fig. 2 . The variance shared between the adaptation indicator (A) and the group (G) equals the coefficient of determination between A and G, R 2 (G), represented in Fig. 2 by the common area Var G ? Var J . Furthermore, the variance shared between A and the performance measures CA, RV, RT, PV, MT equals the multiple coefficient of determination R 2 (P), reflected in Fig. 2 by the common area Var J ? Var P . Likewise, the variance shared between A, G, and P corresponds to the multiple coefficient of determination R 2 (PG), represented in Fig. 2 as Var G ? Var J ? Var P. A detailed explanation of the partitioning of variances can be found in Bock and Girgenrath (2006) . Consequently, the variance of A can be partitioned into a component Var G shared with group but not with motor performance, a component Var J shared jointly with group and motor performance, and a component Var P shared with motor performance alone:
If R 2 PG À R 2 P is significant as analyzed by the significance test of the Pearson product-moment correlation, then Var G makes a decisive contribution to A. Figure 1 shows original registrations of cursor paths produced by a patient (c-e), and by a control subject (f-h). Paths registered during the baseline phase (c, f) are straight and well aimed. At the onset of adaptation (d, g), paths are misdirected by about 60°, as expected due to the imposed visual rotation; the paths curve back towards the targets later on in the control subject but not in the patient, suggesting that online error corrections are more pronounced in the control subject. Near the end of adaptation (e, h), the paths become again straighter and more accurate, particularly in the control subject.
Results
The above observations are confirmed and expanded by Fig. 3 . The initial error across subjects from the control and the patient group was near zero during the baseline phase, became abruptly negative at the onset of adaptation, and then gradually returned towards zero, more so in controls than in patients. The group difference attained at the end of the adaptation phase persisted throughout the subsequent retention, transfer, and refresh phases, and then gradually decreased during the deadaptation phase. These observations were confirmed statistically. An ANOVA of the adaptation phase yielded significant effects of Group (F(1,31) = 18.78; p \ 0.001), Episode (F(17,526) = 45.19; p \ 0.001) and Group*Episode (F(17,526) = 3.71; p \ 0.001). An ANOVA of episodes 22 to 33 (i.e., late adaptation to early deadaptation) yielded significant effects for Group (F(1,32) = 22.78; p \ 0.001) and Episode (F(11,352) = 314.13; p \ 0.001) but not for their interaction. Finally, an ANOVA of the deadaptation phase yielded a significant effect of Group (F(1,32) = 5.22; p \ 0.05), Episode (F(3,86) = 111.90; p \ 0.001) and their interaction (F(3,86) = 15.95; p \ 0.001).
Even though Bock et al. (2001) found the adapted state to remain nearly complete after a one-month pause, one might argue that this is not the case for patients. However, additional ANOVAs with the between-factors group (patient, control) and pause length (day, week) yielded no significant effects for pause length (Retention F(1,30) The top part of Table 2 summarizes our findings regarding the four adaptation indicators. All indicators were significantly lower in patients than in control subjects, thus confirming the existence of adaptation deficits in cerebellar disease (see ''Introduction''). Within the patient group, three indicators correlated significantly with the ataxia score, and one with cerebellar volume. The bottom part of Table 2 summarizes our findings regarding the five motor performance measures. Patients show significantly poorer performance than controls on three of those measures, and the same three measures were also significantly correlated with patients' ataxia scores. The correlation with cerebellar volume was not significant for any measure. Table 3 summarizes the outcome of our multiple regression analyses. The variance shared with diagnosis but not motor performance (Var G ) was not significant for any adaptation indicator, the variance shared with diagnosis and motor performance (Var J ) was significant for three, and the variance shared with motor performance alone (Var P ) was significant for all four indicators. We noticed that some of our subjects' responses were slow, and terminated only after target disappearance, which could potentially bias our CA and MT scores. We, therefore, decided to replicate the regression analyses using only responses which terminated in time. One control subject and four patients had to be excluded from this replication because of too few acceptable movements. After sorting out all movements with (MT ? RT) [ 2 s there was no more difference between groups for MT (t(27) = -0.46, p [ 0.5). However, the remaining data yielded exactly the same pattern of significant and non-significant variance components as in Table 3 .
One might argue that our performance measures are not independent from adaptation since they were taken during the adaptation phase. We therefore recalculated CA, RT, (2009) 193:189-196 193 PV, and MT using the baseline phase, and repeated the multiple regression analysis: the significance pattern did not change, which suggests that our performance measures were not corrupted by adaptation ability. One might further argue that the observed relationship between motor performance and adaptation indicators is artefactual: it would also emerge if this relationship did not exist on a subject-to-subject basis, as long as the patients as a group would exhibit both a poorer motor performance and a poorer adaptation than controls as a group. Figure 4 illustrates for one performance and one adaptation score that this was not the case: patients and controls overlapped with respect to AI, as well as with respect to MT. More importantly, the multiple regression between motor performance and adaptation indicators remained significant even when the analysis was limited to the patient group only ðR Table 3 , by replicating the regression analyses with different subsets of those measures. We found that the significance pattern persisted as long as the analyses included MT and CA, or MT and RT. We therefore concluded that MT, CA, and RT are indicators of adaptive success. These are the same three measures which differed significantly between patients and controls, and which correlated significantly with patients' ataxia scores (see Table 2 ). As an example, Fig. 4 depicts the relationship between MT and AI in both subject groups.
Discussion
The present study evaluated adaptive success and motor performance in patients with cerebellar cortical degeneration, and in healthy control subjects. In accordance with literature (Deuschl et al. 1996; Diedrichsen et al. 2005; Gauthier et al. 1979; Martin et al. 1996; Maschke et al. 2004; Tseng et al. 2007; Weiner et al. 1983) , we found that patients adapted less well than controls. Also in accordance with previous work (Martin et al. 1996; Maschke et al. 2004; Weiner et al. 1983) , the deficit was not limited to the adaptation phase, but rather continued undiminished The third data column presents the outcome of group comparisons with t tests, and the last two columns are the correlations of patients' findings with ataxia scores and cerebellar volume. Symbols ***, **, and * indicate p \ 0.001, p \ 0.01, and p \ 0.05, respectively, and the absence of a symbol indicates p [ 0.05 Fig. 4 Relationship between movement time and adaptive improvement AI in patients (gray) and controls (white). Each symbol represents one subject throughout the retention and transfer into the de-adaptation phase. Such a persistence of the deficit is interesting, as it allows an insight into the underlying pathology. It is thought that adaptive improvement is based on two distinct processes, a recalibration of sensory-to-motor transformation rules, and strategic control by anticipations, associative stimulus-response pairings, and other workaround schemes; in contrast, retention, transfer, and de-adaptation are thought to reflect recalibration alone (Bock 2005; McNay and Willingham 1998; Redding 1996) . If so, the persistence of an adaptation deficit in our patients would indicate that recalibration but not strategic control is impaired by cerebellar degeneration. Besides adaptive success, movement performance was also degraded in our patients. In accordance with literature, we found an increase of reaction and movement time, less efficient online error corrections, but normal peak movement velocity (Bonnefoi-Kyriacou et al. 1998; Holmes 1917; Hore et al. 1991; Tseng et al. 2007 ). Previous work further reported an increase of movement variability (Martin et al. 1996; Timmann et al. 1999; Tseng et al. 2007 ) which didn't reach statistical significance in our study. This is probably so because our patients' ataxia was relatively mild (see Table 1 ); cerebellar areas related to upper-limb ataxia (Martin et al. 1996) may not have been profoundly affected in all our patients.
The main purpose of the present study was to scrutinize the interrelation between patients' deficits of adaptation and of motor performance. We therefore partitioned the variance of each adaptation indicator into three components. Var G was related to subject group but not motor performance, and did not reach statistical significance for any indicator; we therefore have no evidence for the existence of cerebellar circuitry dedicated to adaptation but not to motor performance. Var J was related jointly to group and motor performance, and Var P to motor performance alone. The latter two components were significant for most or all adaptation indicators, which suggests that cerebellar and extracerebellar brain regions involved in the monitoring and control of movements also contributed towards adaptive success. This contribution could be interpreted in two ways: the respective brain regions could be involved in motor performance alone and send their output to adaptive mechanisms located elsewhere, or they could be involved in both functions, motor performance and adaptation.
The above conclusions are pertinent to the two positions on the role of the cerebellum, as outlined in the Introduction. Our findings are in accordance with one of the views, which holds that the cerebellum provides performance-related signals as a prerequisite for adaptation. They also agree with a compromise between both views, which posits that adaptation and motor performance are processed in identical or highly interlinked cerebellar structures. However, our findings do not support the pure version of the other view, according to which the cerebellum contains circuitry dedicated to adaptation but not motor performance.
Our analyses indicate that three measures of motor performance were associated with adaptive success. One of them represented the efficiency of online error corrections. The simple correlation between adaptation indicators and this measure ranged between 0.46 and 0.71, which is similar to the correlations reported before (Tseng et al. 2007 ). The correlations were significant in the present work (p \ 0.01) but not in the previous study, possibly because the variables were defined somewhat differently, and/or because the sample size was larger in the present (n = 2 9 17) than in the previous study (n = 2 9 7). The existence of sizable correlations should not be taken as evidence that adaptation is driven by online response corrections; this surmise has been convincingly refuted before, and replaced by the view that adaptation is driven by sensory prediction errors (Tseng et al. 2007 ). Instead, the observed correlation could reflect the dependence both of adaptive success and of online corrections on a common causal factor, e.g., cerebellar function.
The present study not only assessed the role of the cerebellum in sensorimotor adaptation, but also provided evidence for adaptive mechanisms located outside the cerebellum. As stated above, the significance of Var P suggests that extracerebellar brain regions related to motor performance either were involved in adaptation as well, or sent their output to other extracerebellar areas dedicated to adaptation. Reasonable candidates for such areas are the inferior parietal and the dorsal premotor cortex: a recent neuroimaging study which controlled for error-related brain activity found significant extracerebellar activation only in these two areas (Girgenrath et al. 2007 ).
